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ABSTRACT With ultrafast electron microscopy (UEM), we report observation of the nanoscopic crystallization of amorphous silicon
nitride, and the ultrashort optomechanical motion of the crystalline silicon nitride at the interface of an adhering carbon nanotube
network. The in situ static crystallization of the silicon nitride occurs only in the presence of an adhering nanotube network, thus
indicating their mediating role in reaching temperatures close to 1000 °C when exposed to a train of laser pulses. Under such condition,
4D visualization of the optomechanical motion of the specimen was followed by quantifying the change in diffraction contrast of
crystalline silicon nitride, to which the nanotube network is bonded. The direction of the motion was established from a tilt series
correlating the change in displacement with both the tilt angle and the response time. Correlation of nanoscopic motion with the
picosecond atomic-scale dynamics suggests that electronic processes initiated in the nanotubes are responsible for the initial ultrafast
optomechanical motion. The time scales accessible to UEM are 12 orders of magnitude shorter than those traditionally used to study
the optomechanical motion of carbon nanotube networks, thus allowing for distinctions between the different electronic and thermal
mechanisms to be made.
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Materials that show a mechanical response to ex-ternal stimuli are of interest for a myriad ofreasons.1,2 From the perspective of structure-
function relationships, such as are important in biology,3
these materials are complex systems with a wide range of
spatiotemporal properties.4–6 The function (e.g., photoac-
tuation) of these systems must originate from atomic-scale
dynamics, the elucidation of which is critical to understand-
ing how the macroscopic motion comes about.7,8 In order
to differentiate between the various electronic and thermal
mechanisms that can give rise to motion, one must probe
the system on the appropriate spatial and temporal scales.
This is especially true when using photons to externally
initiate motion; initial electronic excitations can rapidly lead
to the formation of lattice vibrations and heating of the
system. Because of the range in time and length scales, it is
difficult to determine what processes are ultimately respon-
sible for the motion if the system is probed with limited or
no temporal resolution.
An example of a material that displays a variety of unique
electronic, mechanical, and thermal properties is carbon
nanotubes (CNTs). The interesting properties of CNTs are
attributed to their pseudo one-dimensionality and extended
π-conjugation.9 One property of networks of bundled and
entangled CNTs that has received considerable attention is
their optomechanical response to light.10–12 This light-
induced motion has been attributed to both electrostatic
deflections and thermal effects.10,11 As pointed out in these
previous works, however, distinguishing between motion
due to electronic excitations and that due to thermal effects
is nontrivial owing to the spatiotemporal scales at which the
systems are typically probed. When a network of CNTs is
coherently excited with a femtosecond laser pulse, however,
as opposed to a continuous beam of light, the initial steps
of the optomechanical motion can be expected to occur on
the ultrafast time scale (picoseconds and below) and on the
length scale of atoms. As in biological systems,3 the mech-
anisms leading to the emergence of new and enhanced
properties in complex materials must originate at the atomic-
scale with the corresponding nonequilibrium time scale
being femtoseconds to nanoseconds. Direct probing on
these spatiotemporal scales is, therefore, important for a
comprehensive understanding of the relevant structure-
function relationships.
Ultrafast electron microscopy (UEM) with its combined
atomic-scale spatial and femtosecond to millisecond tem-
poral resolutions13–15 is well-suited to address the issues
described above. With UEM, here we observe and report the
following: (i) the in situ crystallization of amorphous silicon
nitride (Si3N4) as initiated by photothermal heating of an
adjoining CNT network, and (ii) the direct visualization of
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the optomechanical motion of the crystalline Si3N4 on the
ultrashort time scale, which arises from electronic excitation
and subsequent structural dynamics of the CNT network.
Crystallization of the Si3N4, which is observed with a con-
tinuous electron beam (i.e., no time axis), occurs only in the
presence of the CNT network. The in situ photothermal
temperature rise in the CNTs is determined by using selected
area electron diffraction (SAD) to quantify changes in the
intertubule spacings, while the spatiotemporal effects of a
single femtosecond laser pulse on the system are elucidated
by monitoring the nanoscopic changes of Si3N4 diffraction
contrast as a function of time. By quantifying how the
diffraction contrast dynamics behave relative to the effects
of specimen tilting, we determine the direction and magni-
tude of the crystal motion induced by the CNT network
excitation on the picosecond time scale.
Results and Discussion. (A) Crystallization and Optom-
echanical Effects. An overview of the specimen under study
is displayed in Figure 1. The specimen consisted of a
freestanding (i.e., no support film) initially amorphous silicon
nitride (a-Si3N4) mesh, upon which multiwalled CNTs were
deposited (see Supporting Information for a description of
the specimen preparation). The particular specimen region
of interest consisted of a dense network of CNTs adhering
to the a-Si3N4. After depositing the CNTs, the a-Si3N4 was
crystallized in situ by focusing a train of femtosecond laser
pulses onto the region of interest. The occurrence of the
amorphous-to-crystalline Si3N4 phase transition was obvious
due to the sudden appearance of diffraction contrast, as well
as the formation of discrete Bragg spots (Figure 1a,c, respec-
tively). Crystallization occurred in the immediate vicinity of
the CNT network, though some phase transition fronts
propagated several micrometers into regions devoid of
nanotubes (see Supporting Figure 1). Indexing of SAD pat-
terns revealed that the alpha phase of Si3N4 had formed,
which is consistent with previous work on the crystallization
of a-Si3N4.16
Importantly, specimen regions having only a-Si3N4 within
the laser spot could not be crystallized regardless of the
fluence used, thus indicating that adjoining CNTs were
required for the phase transition to occur. The mechanism
for CNT-dependent crystallization of a-Si3N4 becomes clear
when noting the electronic band structure and optical
properties of each material. Stoichiometric Si3N4, whether
crystalline or amorphous, is an insulator with an optical band
gap >5 eV,17 thus making it transparent to 776 nm (1.6 eV)
light. Indeed, even the gap states of nonstoichiometric silicon
nitride are too high in energy to be significantly populated
by 1.6 eV photons. Conversely, CNTs are essentially metal-
lic18 with optical properties of their networks being compa-
rable to those of carbon black.19,20 Owing to our observa-
tions and the band structures of each material, it is clear that
crystallization is due to photothermal heating of the CNT
network and subsequent heat transfer to the a-Si3N4. It is
important to note here that the crystallization of Si3N4, when
exposed to a train of laser pulses and in the presence of the
CNT network, is separate from and occurs prior to the time-
resolved optomechanical studies discussed below (see Sup-
porting Information for additional details).
Once the Si3N4 is crystalline, the diffraction contrast
observed in the UEM images can be used as a sensitive
indicator of optomechanical motion of the specimen. The
reason for this is that the primitive vectors of the crystal
lattice must be oriented relative to the wavevector of the
electron in such a way that the Laue conditions (i.e., diffrac-
tion condition) are met.21 Thus, minor changes in either
crystal grain orientation, as occurs during specimen tilting
(see Supporting Movie 1), or in the electron wavevector
result in dramatic changes in diffraction contrast.22 Indeed
with UEM, the visualization and quantification of the laser-
induced ultrafast bulging of a gold crystal and vibration of a
graphite membrane were possible due to changes in diffrac-
tion contrast.8,14
As displayed in Figure 2, dramatic changes in Si3N4
diffraction contrast and specimen orientation are induced
upon exposure to a train of femtosecond laser pulses. Note
that just as with the crystallization described above, the
change in specimen orientation shown in Figure 2 is ob-
served by operating UEM as a traditional TEM (i.e., continu-
ous electron beam, no time axis). The specimen motion in
the field of view upon exposure to the pulse train is not
unidirectional, thus indicating sample drift due to laser-
induced thermal gradients is not responsible for the ob-
served effects (see Supporting Information for details on
FIGURE 1. Overview of the freestanding crystalline Si3N4 mesh and
CNT network. (a) Low-magnification bright-field TEM image of the
crystalline Si3N4 mesh and the adhering CNT network. (b) Higher-
magnification bright-field TEM image of the CNT network. (c) SAD
pattern of a 300 nm region of the Si3N4 mesh shown in panel (a). (d)
SAD pattern (1 µm) of the CNT network shown in (b).
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system stabilization). This nonunidirectional motion can be
seen by closely inspecting the difference images and ad-
ditionally noting that specific specimen regions move while
others do not. The locations and degree of heterogeneous
motion in the specimen become obvious when toggling
between the laser blocked and laser unblocked frames (off
and on, respectively, in Supporting Movie 2). It is important
to note that specific regions of both the crystalline Si3N4
mesh and CNT network show significantly more motion than
others. For example, relatively large motion in the CNT
network was observed in regions that contained bundles of
severely curled or kinked nanotubes (Figure 2b) (see Sup-
porting Movie 3). The laser-induced microscale motion of the
sample shown in Figure 2 is similar to previous observations
of the optomechanical motion of bundles of CNTs,10 as well
as polymer composites doped with small amounts of
CNTs.23–26
Owing to the optical properties of Si3N4 and CNT net-
works and to the observation of crystallization only in the
presence of nanotubes, the origin of the microscale optom-
echanical motion must originate in the CNT network. Shown
in Figure 2c are the time-averaged (i.e., TEM mode) SAD ring
patterns and corresponding radially averaged profiles ob-
tained from the CNT network when not irradiated (laser
FIGURE 2. Time-averaged (i.e., continuous electron beam) imaging of the specimen when irradiated with laser pulses in situ. (a) Micrometer-
scale optomechanical response of the crystalline Si3N4 and adhering CNT network. Images were obtained when the laser pulse train was
blocked (laser blocked) and unblocked (laser unblocked), and a difference image (diff.) was generated from these two images. The rectangle
around the section of crystalline Si3N4 is included to highlight the nonunidirectional motion. (b) Nanoscopic optomechanical motion of a
bundle of kinked and curled CNTs. The same method of image acquisition and analysis as was used in (a) was used here. The arrows in the
far right panel show the direction of motion of specific sections of the bundle (in two dimensions). The circle in the far left panel is included
to highlight the hollow nanotube core. (c) SAD patterns of the CNT network with the fs laser pulse train blocked (laser blocked) and unblocked
(laser unblocked). The (002) and (100) diffraction rings are labeled. The black horizontal line separates the two patterns for unblocked and
blocked recordings. The radially averaged profiles of the patterns obtained with the pulse train blocked (laser blocked; green) and unblocked
(laser unblocked; red) are shown to the right of the SAD patterns. The vertical lines extending up from the x-axis mark the peak positions of
the rings.
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blocked) and irradiated (laser unblocked) with a train of
femtosecond laser pulses. As can be seen, the (002) ring,
which corresponds to the intertubule spacing,27 shows a
contraction of 0.00626 Å-1 when the CNT network is
exposed to the laser pulse train. This contraction in recipro-
cal space corresponds to an increase in the average inter-
tubule spacing from 3.534 to 3.614 Å (∆d ) 0.08 ( 0.003
Å; see Supporting Information for the calibration procedure).
Note that the large ground-state intertubule spacing relative
to that of the interlayer spacing of ordered graphite (3.354
Å) is due to the turbostratic nature of the CNTs.27 A random
sampling of ground-state (i.e., no laser irradiation) CNT radii
from the image in Figure 2b gives an average value of 94.5
( 9.5 Å. Thus, the average number of layers, N, comprising
the CNTs is 27( 3, and, therefore, the CNTs radially expand
∼4 Å upon exposure to the laser pulse train. Note that the
(100) peak, which corresponds to scatterings from along the
tubes,27 shows no significant change in position (i.e., no
expansion/contraction along the length of the CNTs). If it is
assumed that the average intertubule expansion is due
entirely to photothermal heating, then the estimated tem-
perature of the network increases to a quasi steady-state
value of 900 °C, knowing from X-ray studies the degree of
expansion at different temperatures.28 The amorphous-to-
crystalline phase transition of Si3N4, which we observe here,
is reported to occur above 1000 °C,16 consistent with our
observation of crystallization.
(B) 4D Imaging. Analysis of the images and diffraction
patterns shown in Figure 2 may lead one to speculate that
the photothermal radial expansion of the CNTs may ulti-
mately give rise to microscale optomechanical motion of the
specimen. For example, strain-relaxation mechanisms, in-
cluding the formation of kinks and bends, have been ob-
served in CNTs (and can indeed be observed in Figure 2b),29
and large lateral deformation within the linear (i.e., elastic)
regime has been shown to lead to reversible bending and
buckling,thusdemonstratingtheirflexibilityandtoughness.30,31
The laser-induced intertubule expansion at these defect sites
could translate into motion of individual CNTs. Because of
the interconnectedness of the network and its attachment
to the Si3N4 mesh, the motion of the CNTs would further
translate into microscale specimen motion. It is important
to realize, however, that the images and diffraction patterns
in Figure 2 are time-averaged, so it is difficult to immediately
distinguish between thermal and electronic processes that
may give rise to optomechanical motion.10,11 As mentioned
above, several previous works have observed the optom-
echanical motion of CNT networks and polymer/CNT com-
posites, but with temporal resolutions of milliseconds.12,25
In order to determine what processes give rise to the
observed optomechanical motion, in situ dynamical imaging
of the specimen was performed with UEM (i.e., stroboscopic
pump/probe mode), so that the initial ultrafast motion may
be probed. Shown in Figure 3 are the results of ultrafast
dynamical imaging of regions of the Si3N4 mesh that are (i)
amorphous and devoid of an adhering CNT network (Figure
3a), (ii) crystalline and devoid of an adhering CNT network
(Figure 3b), and (iii) crystalline with an adhering CNT
network (Figure 3c). Displayed for each region are difference
images of the specimen, which were generated by subtract-
ing a reference image obtained at t ) -100 ps (i.e., 100 ps
before arrival of the excitation laser pulse) from images
obtained at t ) 0, 50, and 250 ps. By this method, motion
of the Si3N4 mesh as a function of time could be readily
visualized (see Supporting Movie 4). The time scans revealed
that dynamics occurred only in regions of the Si3N4 mesh
that were in direct contact with the CNT network. This
observation supports the idea that the optomechanical mo-
tion must originate in the CNTs, as was indicated from the
time-averaged data in Figure 2. The Si3N4 diffraction contrast
dynamics displayed in Figure 3c are therefore a direct result
of the CNT network optomechanical motion.
Quantification of the spatiotemporal behavior of the
crystalline Si3N4 can be done by employing selected area
UEM imaging, or what is termed selected-area image dy-
namics (SAID).14 By selecting two areas within the time-
dependent difference images of a region of crystalline Si3N4
showing motion (Figure 4a) and quantifying the relative
change within those regions (see Supporting Information),
we find that the dynamics display single exponential behav-
ior with a time constant of 120 ( 10 ps (Figure 4b). Further,
though the regions selected for analysis are separated by ∼1
µm, they both show approximately the same temporal
response. This uniform response indicates the Si3N4 crystal
motion is homogeneous within the field of view, that is, the
local area probed. Importantly, sections of the Si3N4 mesh
that were devoid of CNTs showed no dynamics, as expected
from the dynamical imaging displayed in Figure 3. Note that
the overlying CNT network can be seen in the difference
images acquired during later times (e.g., the right and lower
portions of the 250 and 450 ps images in Figure 4a).
(C) Control Experiments. Several control experiments were
made in order to ensure that the transient temporal behavior
is intrinsically robust for each strobe recording. In UEM,
structural dynamics are elucidated by using an optical delay
stage to vary the arrival time, at the sample, of the excitation
optical pulse relative to the ultrafast photoelectron packets.
First, reversibility and repeatability of the dynamics are
ensured by scanning the delay stage in both the “forward”
and “backward” directions (i.e., negative to positive and
positive to negative times, respectively). The same transient
(i.e., the temporal responses shown in Figures 3, 4, and 5)
for both scans was obtained, indicating the robustness of the
temporal change. In addition, by placing the delay line at a
fixed position (e.g., +100 ps) and repeating the experiment
for the same time required for acquiring the data, we
recovered the image contrast level that we obtained in the
first set of experiments, and this level remains constant over
the time scale of signal acquisition. No matter if the delay
line was fixed at either negative (e.g., -200 ps) or positive
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(e.g., +600 ps) times, the same diffraction contrast patterns
with the same contrast levels both locally (i.e., selected
areas) and globally (i.e., entire image) as those observed at
the specific points in time during the scans could be re-
produced.
Second, by blocking the excitation laser pulses and
leaving all else the same (i.e., experiment time, image
acquisition time, etc.), the temporal responses shown in
Figures 3, 4, and 5 could not be observed. Third, by operat-
ing UEM in the continuous mode and repeating the experi-
ments with the same laser excitation fluence, no diffraction
contrast dynamics were observed. Fourth, the time-resolved
experiments were repeated on several different regions of
the crystalline Si3N4 both with and without an adhering CNT
network. All regions having an adhering CNT network
showed the same type of dynamics displayed in Figures 3,
4, and 5, while all regions devoid of CNTs showed no motion
or change. Fifth, irreversible specimen damage by the
electron pulses and excitation laser pulses was checked by
comparing pre- and postexperiment images and diffraction
patterns. No statistically significant damage was observed;
the specimen was structurally the same both before and
after the experiments were conducted. Sixth, instabilities in
the pointing and power of the laser system can lead to
changes in the position and brightness of the electron
source, thus causing the electron wavevectors to vary.22 It
is therefore critical to first stabilize the laser system and then
characterize the systematic variation that is caused by any
remaining instabilities. To enhance the stability of the laser
system and optics, the optical table is fully encased, thus
allowing us to rigidly control temperature (∆T e (0.1 °C)
and minimize air currents. Seventh, all data, whether control
data or experimental data, was analyzed with the same
methods and in the same way (i.e., post experiment drift
correction (see Supporting Information), quantification of
relative changes in diffraction contrast (see Supporting
Information), etc.).
By these control methods, we are able to conclude that
(i) the optomechanical motion is caused by in situ excitation
with the femtosecond laser pulse, and the intrinsic dynamics
observed are not caused by irreversible specimen damage,
as has been found to occur in carbon nanotubes at high
electron beam dosages (i.e., current densities of up to 104
A/cm2),32 or by systematic variations; (ii) the local heating
in the presence of nanotubes reduces the size of the heating
source (from 50 µm for the laser to about 5 µm or less for
the nanotube network), thus a faster initial recovery during
the 12.5 ns. Simulations by Spencer Baskin support this
point, giving ∼10% drop during this time; the steady state
is reached after 10 pulses of irradiation. The robustness of
FIGURE 3. In situ dynamical (stroboscopic) imaging of crystalline and amorphous Si3N4 with and without an adhering CNT network. Difference
images of the response to a single femtosecond laser pulse of (a) a section of amorphous Si3N4 devoid of CNTs, (b) a section of crystalline Si3N4
devoid of CNTs, and (c) a section of crystalline Si3N4 with adhering CNTs. The scale bar in (a) and (c) represents 200 nm, while that in (b)
represents 500 nm. To generate each row of panels, the reference image obtained at -100 ps was subtracted from images obtained at t ) 0,
50, and 250 ps.
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the transients, with an initial transient temperature of less
than 1 °C per pulse, fully supports the notion of heating
through carriers and not through conventional thermal
energy dissipation, as discussed below.
(D) Quantification of Ultrafast Mechanics. In addition to
visualizing the ultrafast changes in diffraction contrast shown
in Figures 3 and 4, the time-dependent direction and mag-
nitude of specimen motion can also be determined. By
closely inspecting the difference images in Figure 4a, it can
be seen that the temporal dependence of the diffraction
contrast has an effective directionality (also see Supporting
Movie 4). This suggests that the crystalline Si3N4 section is
bent (i.e., tilted) in a specific direction by the adhering CNT
network. The dependence of the directionality of diffraction
contrast motion on specimen tilting (relative to the incoming
electron packets) can be clearly seen in a tilt series of images
(see Supporting Movie 1). Indeed, after carefully orienting
the specimen in the TEM sample holder, the diffraction
contrast motion in a tilt series can be used as a calibration
to determine the temporal dependence, direction, and
magnitude of specimen bending observed in the UEM im-
ages (Figure 5; see Supporting Information for calibration
procedure). By comparing the distance moved by a particu-
lar diffraction contrast feature in UEM images to that in the
FIGURE 4. Selected area UEM imaging of crystalline Si3N4 with an adhering CNT network. (a) Difference images of the crystalline Si3N4 with
adhering CNTs generated by subtracting a reference image obtained at -100 ps (upper left panel) from images obtained at t ) 0, 50, 150,
250, and 450 ps. (b) Image correlation as a function of time of crystalline Si3N4 with an adhering CNT network at a fixed negative time (i.e.,
before arrival of the clocking pulse) (full image; control; black squares), crystalline Si3N4 with no CNTs (full image; no CNTs; blue triangles),
and selected area imaging dynamics (SAID) of the highlighted regions in the 450 ps panel in (a) (SAID 1 and 2; red circles and green inverted
triangles, respectively). The SAIDs are fit with a single exponential having a time constant of 120 ( 10 ps and convoluted with the overall
Gaussian response of 1 ps fwhm.
© 2010 American Chemical Society 1897 DOI: 10.1021/nl100733h | Nano Lett. 2010, 10, 1892-–1899
tilt series, we find that the motion corresponds to a bending
of the section of crystal displayed in Figure 4a by 0.3 degrees
within 300 ps (Figure 5a). Further, knowing the orientation
of the crystal relative to the sample holder tilt axis allows us
to conclude that this section of crystalline Si3N4 mesh (an
overview of which is shown in Figure 1a) is bent downward
(i.e., away from the excitation laser pulse) due to the
optomechanical motion of the CNT network.
Additional evidence of the unidirectional bending of
the crystalline Si3N4 is found in the temporal dependence
of the SAD pattern shown in Figure 5b. As can be seen, the
intensities as a function of time of Bragg spots (i) and (ii)
increase and decrease, respectively, while those of spots (iii)
and (iv), which arise from crystal planes oriented perpen-
dicular to those that produce spots (i) and (ii), show no
significant change. This behavior is an indication of unidi-
rectional bending of the crystal about an axis which runs
parallel to the crystal planes giving rise to spots (i) and (ii)
and perpendicular to those giving rise to (iii) and (iv). Note
that if photothermal heating by a single femtosecond laser
pulse were significant for the stroboscopic UEM experi-
ments, then the intensities of the Bragg spots would all
decrease. That is, because some Bragg spots either show no
change or increase in intensity as a function of time, pho-
tothermal heating of the specimen is not responsible for the
observed SAD dynamics shown in Figure 5b.
(E) Mechanism. With these observations we now address
the mechanism. As mentioned above, because the Si3N4 is
transparent to 1.6 eV photons, the unidirectional bending
of the crystal must be due to optomechanical motion of the
adhering CNT network. Owing to the low laser fluence
illuminating the specimen region of interest (6.4 µJ/cm2) and
to the time-resolved SAD dynamics shown in Figure 5b, a
photothermal mechanism seems unlikely to be responsible
for the ultrafast optomechanical motion. The laser spot on
the specimen is Gaussian with a full-width at half-maximum
of 50 µm and is large enough to completely illuminate the
entire CNT network, which is estimated from UEM images
to be 10 µm3. Taking the absorption coefficient of the CNTs
to be 6 × 104 cm-1, the specific heat capacity to be 2 J/g·K
at 900 °C,33 the density to be 2 g/cm3, and ignoring thermal
transport, the initial photothermal temperature rise in the
network would be at most 1 °C. For such a low-temperature
rise, the average CNT intertubule spacing would increase by
only 1 × 10-4 Å, or ∼0.5 pm per nanotube (i.e., 2 orders of
magnitude less than the diameter of a hydrogen atom).
The low photothermal temperature rise and the SAID
time constant of 120 ps suggest that electronic processes in
the CNT network are the ultimate cause of the ultrafast
optomechanical motion shown in Figures 3, 4, and 5. The
photon energy of the excitation laser (1.6 eV) and excitation
fluence used here is sufficient to generate charge carriers in
the CNTs.34,35 These charge carriers can result in the forma-
tion of polarons (i.e., a slow moving charged particle and its
polarization field), and it has been suggested from ab initio
calculations that these polarons result in significant structural
deformations in the CNTs.36 Indeed, electromechanical
actuation of sheets of CNTs via charge injection has been
demonstrated to produce bending of the films,37 and an
electrostatic mechanism has been tentatively invoked to
explain the light-induced movement of bundles of single-
walled CNTs,10 though the temporal resolutions were not
such that a distinction between electronic and thermal
processes could be strictly made. In addition, the strong
interaction of 1.6 eV photons with CNTs could lead to
bending of the network due to a steep absorption gradient.
This type of photoinduced macroscopic bending is known
to occur in some molecular crystals,5,6 the mechanism of
FIGURE 5. Magnitude and direction of specimen motion as a
function of time. (a) Images of a selected area of the crystalline Si3N4
with CNTs obtained at t ) 0, 100, 200, and 300 ps. The diffraction
contrast feature used to quantify the bending dynamics is high-
lighted by the orange dashed line, and the white dot is to highlight
the effective movement of the feature. White circles indicate the
locations of two carbon nanotubes on the crystal surface. A plot of
the effective distancemoved by the diffraction contrast feature both
as a function of time (blue dots) and tilt angle (orange squares) of
the Si3N4 mesh is shown to the right of the images. The error bars
for the UEM data points were determined from the peak function
fits to a cross-section (i.e., perpendicular to the orange dashed line)
of the diffraction contrast feature. The line is a least-squares fit to
the tilt series data points. (b) Normalized intensity dependence of
Bragg spots in the SAD pattern (inset) of the crystalline Si3N4 shown
in (a). The spots that were analyzed are labeled in the inset. Each
data point was normalized to the total image intensity and to the
first data point in the corresponding time series. The divergence of
spot (i) from (ii) (red triangles) and the divergence of spot (iii) from
(iv) (green dots) are plotted in the panel to the right. The black lines
in both the plots in (b) are included simply to guide the eye.
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which is attributed to an electronically induced structural
change (e.g., cis-trans isomerization).
Conclusions. In conclusion, with 4D UEM and the sensitiv-
ity of diffraction contrast to the Laue conditions we have
visualized the nanoscopic optomechanical phenomena of
interfacial carbon nanotube networks in real-time. Quanti-
fication of the spatiotemporal properties suggests that elec-
tronic processes are ultimately responsible for the ultrafast
motion. With the same microscope, the amorphous to
crystalline phase transition was discovered and found to be
critically controlled by the nanotubes at the interface to the
silicon nitride substrate. Such studies are extendable to a
myriad of other materials with the provided nanometer-
femtosecond resolutions of dynamics, and with the com-
bined spatial and temporal resolutions of UEM it should be
possible to provide an understanding of materials showing
a wide range of behaviors.
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